Introduction
Chemicals with heavy environmental burdens and oxidizing gases, such as oxygen and ozone, are widely used to remove photoresists in semiconductor manufacturing processes. The former are used in wet processes, while oxidizing gases are used to ash photoresists under dry conditions. The chemicals used are not only environmentally unfriendly, but also are expensive and require facilities for disposal. Ashing causes some deterioration of device quality, such as oxidation of the substrates and metal interconnects. Device performance may also be destabilized by charged particles in plasma, which is often used in ashing processes. The development of chemical-free photoresist removal methods that do not degrade device quality would be of great benefit to the industry.
Photoresist removal using atomic hydrogen, which has excellent reduction ability, is an effective way to resolve the problem. Atomic hydrogen can easily be generated by decomposing molecular hydrogen on metal hot-wire catalyst surfaces [1] [2] [3] . Photoresists are decomposed by atomic hydrogen into hydrogenated products. It should be noted that this catalytic decomposition method is plasma-free, thus avoiding plasma damage to devices. Furthermore, oxidation of semiconductor substrates and metal interconnects is not expected. Besides photoresist removal, atomic hydrogen generated on heated metal catalysts also has been used in many semiconductor engineering fields, such as passivation [4] , dangling-bond termination [5] , crystallization of amorphous Si [6] , and surface cleaning [7] [8] [9] .
Some findings related to the use of atomic hydrogen generated on a tungsten hot-wire catalyst for photoresist removal have already been reported [10] [11] [12] [13] [14] [15] [16] . In a past study we achieved a best removal rate of 2.5 μm/min using atomic hydrogen by heating up the catalyst and the substrate [12] . But this rate is not as good as that obtained by using chemicals, which exceeds 3 μm/min [17, 18] . The removal rate using oxygen plasma ashing is also about 3 μm/min [19] . So, the removal rate by atomic hydrogen must be improved.
In order to enhance the removal rate, we investigated atomic hydrogen with high kinetic energy. Atomic hydrogen has a high energy immediately after generation on hot catalyst surfaces, usually over 2000 K. Tange et al. have reported that the translational temperature of H atoms produced from SiH 4 under collision-free conditions is ~1000 K cooler than the catalyst temperature and has a linear dependence on catalyst temperature [20] . Ashfold and coworkers have also shown, both experimentally and theoretically, that the translational temperature of H atoms produced from H 2 is ~500 K cooler than the wire temperature when the H 2 pressure is 2.7 kPa [21] [22] [23] [24] . Although the temperature difference increases with the decrease in total pressure, it may be concluded that, when the wire temperature is more than 2000 K, the translational temperature of H atoms just after the formation is more than 1000 K. Such hot atomic hydrogen could easily cool to ambient temperature in a few tens or hundreds of collisions in the gas phase [25] . Thus, reduction of collision numbers is essential to keep atomic hydrogen hot.
One way to reduce the number of collisions is to reduce the pressure. Another is to shorten the distance between the catalyst and the substrate. As for the pressure dependence of the photoresist removal rate, Hashimoto et al. have reported that there is no H 2 pressure dependence between 67 and 200 Pa [11] . It should be noted that the H-atom density saturates against the H 2 pressure under such high pressure conditions [26] and that the H atoms produced may be completely thermalized before arriving at the substrate surfaces. In our past study, we reported that the removal rate increases with hydrogen pressure between 0.4 and 7.2 Pa [12] . This increase can easily be ascribed to the increase in the H-atom density [26] . Since we used 10 times nitrogen-diluted hydrogen, the total pressure was between 4.0 and 72.0 Pa and the H atoms may have been completely thermalized. In the present study, on the other hand, low-pressure hydrogen gas was used without dilution to determine if the photoresist removal rate can be enhanced when hot H atoms are used. The catalyst-substrate distance was kept at 20 mm to minimize the collisions in the gas phase. Figure 1 presents a schematic diagram of the experimental apparatus, and Table 1 lists the experimental conditions for the photoresist removal.
Experimental
A positive-tone novolak photoresist (OFPR-800, Tokyo Ohka Kogyo) was used. It was spin-coated onto a Si-wafer using a spin coater (K-359 S-1, Kyowariken) at 2600 rpm for 20 s and was pre-baked Fig. 1 . Schematic diagram of experimental apparatus for measuring photoresist removal rate using atomic hydrogen. Table 1 . Experimental conditions for photoresist removal by atomic hydrogen in an oven (CLO-2AH, Koyo Thermo Systems) at 100 °C for 60 s. The photoresist film thickness was measured using a surface texture measuring instrument (SURFCOM 480A, Tokyo Seimitsu).
The chamber was cylindrical and made of stainless steel. The flow rate of hydrogen gas (99.998%, Sumitomo Seika) was fixed at 100 sccm using a mass flow controller (SEC-400MK2, STEC). The pressure under processing was changed between 5.0 and 40 Pa by adjusting the evacuation valve. Before supplying H 2 , the chamber was evacuated to 10 -2 Pa using an oil-sealed rotary vacuum pump (D-330DK, ULVAC).
A resistively heated tungsten wire (99.95%, 0.7 mm in diameter and 500 mm in length, Nilaco) was used as a hot-wire catalyst. This wire was coiled with 11 turns; the length and the diameter of the coil were 40 mm and 8 mm respectively. The distance between the catalyst and the substrate was 20 mm. A DC power supply (EX-750L2, Takasago) was used to heat the catalyst. The catalyst center temperature was measured using a two-wavelength (0.80 and 1.05 μm) infrared radiation thermometer (ISR12-L0, Impac Electronic) through a quartz window.
The substrate temperature (T subst ) and the film thickness were measured during photoresist removal. The substrate temperature, which may be affected by thermal radiation from the hot catalyst, was measured using a thermocouple. A digital heat regulator (GB231T-004, CHINO) was also used to check the temperature measured with the thermocouple. Changes in film thickness were measured using an optical interferotype film thickness measurement system. The optical source was 532-nm linearly polarized light (LCM-RGB-011LN, LASER-ELEMENT), and a phototransistor (NJL7502L, New Japan Radio) was used as a detector. The incidence angle (θ) to the horizontal axis to the substrate surface was 70º (s-polarized light).
In the optical interferotype film thickness measurement, peaks and valleys of reflected light intensity can be alternately observed, corresponding to the changes in film thickness. The change in the thickness corresponding to a neighboring peak and valley should be equal to λ sin [cos -1 {(cos θ)/n}] / (4n) / (4n). Here, λ is the wavelength of the light source (532 nm) and n is the refractive index of the photoresist film (1.6 -1.7). The refractive index varies with changes in the substrate temperature because the photoresist is shrunk by baking [12] . Then, the photoresist removal rate, , can be calculated from the film thickness change in each time interval, .
(1) The time-averaged substrate temperature, T avg-subst , was calculated by the following integration [12] . (2) In both equations, m is an integer greater than or equal to one.
Results and discussion
In Fig. 2 , the photoresist removal rate ( ) calculated from Eq. (1) is plotted against the average substrate temperature (T avg-subst ) calculated from Eq. (2). The hydrogen flow rate was 100 sccm and the hydrogen pressure was changed between 5.0and 40 Pa. The catalyst temperature was 2160 ºC. The photoresist removal rate increased almost exponentially against the substrate temperature at each pressure. The removal rate is remarkably enhanced under low pressure conditions. In the present study, we achieved 2.4(±0.3) μm/min, when the catalyst temperature, the substrate temperature, and the pressure were 2160 ºC, 170 ºC, and 5.0 Pa, respectively. If we heat the substrate to more than 200 ºC, the removal rate may increase further, becoming comparable to that achieved when chemicals are used in the wet process. Figure 3 shows the dependence of the photoresist removal rate on hydrogen pressure when the average substrate temperature was 170 ºC and the catalyst temperature was 2160 ºC. We found that the removal rate increases in inverse proportion to the hydrogen pressure. This result was in contrast to previous studies, which were carried out under rather high-pressure conditions [11] . At such high pressures, H atoms may completely be thermalized, obscuring the pressure dependence.
At low pressures, on the other hand, the collisional thermalization must be slow because the mean-free-path is large. It is not easy to estimate the mean-free-path under the present conditions because the velocity of H atoms can change after every collision, but it must be in the order of 2 mm at 5 Pa. The present results showing the dependence of the photoresist removal rate on H 2 pressure (Fig. 3) may be explained by the change in the collisional energy of the H atoms. The H-atom density may decrease with a decrease in H 2 pressure, but the dependence is rather weak. The H-atom density is proportional to the square root of the pressure at low pressures [26] . If the photoresist removal rate increases exponentially with an increase in the H-atom kinetic energy, this effect must be much more important than that of the decrease in number density.
Instead of photoresist removal methods using chemicals, we investigated a novel, environmentally friendly removal method using atomic hydrogen generated on a tungsten hot-wire catalyst. We revealed that the photoresist removal rate is remarkably enhanced under low hydrogen pressure conditions. This enhancement may be ascribed to the high kinetic energy of H atoms. If we optimize the removal conditions, the removal rate may become comparable to that achieved when chemicals are used.
